Despite remarkable advances in G-protein-coupled receptor (GPCR) structure analysis in recent years, 1) relatively little is known about the interactions between GPCR and G proteins. To come to an understanding of this, an in vivo assay system, such as the yeast GPCR assay, 2) must be used. The engineered chimeric G protein is often used in the functional coupling of GPCR and G proteins, 3) since several lines of evidence indicate that the C-terminus of G is directly involved at the receptor interface. 2, 4) In yeast, the five amino acids at the C-terminus of the G subunit are the main determinants of coupling with heterologous GPCRs. 5) On the other hand, the C-terminal five amino acid residues and the predicted 5 helix proved insufficient for coupling with the bitter taste receptor in a mammalian experiment using gustducin, 6) a taste cell-expressed G-protein involved in bitter, sweet, and umami transduction that has similarity with transducin. 7) Here, using the yeast endogenous G protein (Gpa1p) as template, we constructed a series of Gpa1/gustducin chimeras by incorporating different lengths of gustducin-specific sequences at the C-terminus of Gpa1p to determine their functionality in yeast. Our results indicate that a chimeric G protein with C-terminal 44 amino acid residues of the gustducin sequence, the counterpart of which is used mainly in mammalian experiments, lost its functionality in yeast, whereas the chimera with 37 amino acid residues remained functional.
Materials and Methods
Strains and media. Haploid yeast Saccharomyces cerevisiae strain W303-1A (MATa, ade2-1, his3-11, 15, leu2-3, 112, trp1-1, ura3-1) 8) and the other constructed strains used in this study, as well as their genotypes, are listed in Table 1 . These yeast strains were cultivated aerobically in yeast-extract peptone dextrose (YPD) medium (1% w/v yeast extract, 2% peptone, and 2% glucose) or synthetic dextrose (SD) medium (0.67% yeast nitrogen base without amino acids, 2% glucose, and appropriate supplements). Agar (2% w/v) was added to these media to produce solid YPD and SD media. Escherichia coli DH5 (Toyobo, Osaka, Japan) was used as host for recombinant DNA manipulation. It was grown in Luria-Bertani medium (1% tryptone, 0.5% yeast extract, and 0.5% sodium chloride) containing 100 mg/mL of ampicillin. After selection, a single colony was used to isolate the plasmid for yeast transformation.
Construction of plasmids for G expression. Polymerase chain reaction (PCR) was carried out using KOD-plus-DNA polymerase (Toyobo). The sequences of all the constructs were confirmed by DNA sequencing. All the primers used in this study are listed in Table 2 .
First, the plasmid expressing wild-type GPA1 (pGPA1) was constructed as follows: The DNA fragment possessing the GPA1 promoter, the GPA1 ORF, and the GPA1 terminator was amplified from W303-1A genomic DNA with primers 1 and 2. This fragment was inserted at the BamHI and XhoI sites on pRS424, 9) resulting in y To whom correspondence should be addressed. Tel: +81-75-753-6110; Fax: +81-75-753-6112; E-mail: miueda@kais.kyoto-u.ac.jp Abbreviations: eCT, extreme C-terminus; EGFP, enhanced green fluorescent protein; GPCR, G-protein-coupled receptor; PCR, polymerase chain reaction; SD, synthetic dextrose; YPD, yeast-extract peptone dextrose plasmid pGPA1.
Secondly, pGPA1/gust4, pGPA1/G16-4, and pGPA1/deleted were constructed as follows: A QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used for in vitro mutagenesis of pGPA1 following the manufacturer's instructions, with primers as follows: for pGPA1/gust4, primers 3 and 4; for pGPA1/G16-4, primers 5 and 6; and for pGPA1/deleted, primers 7 and 8.
Thirdly, pGPA1/gust31 and pGPA1/gust44 were constructed as follows: First, DNA fragments encoding C-terminus-truncated GPA1 were amplified with the following primers: for pGPA1/gust31, primers 9 and 10, and for pGPA1/gust44, primers 9 and 11. Secondly, gustducin fragments encoding the 31 or 44 amino acid sequence were amplified from gust44-pEAK10 10) with the following primers: for pGPA1/gust31, primers 12 and 13, and for pGPA1/gust44, primers 14 and 13. Thirdly, the DNA fragments encoding the C-terminustruncated GPA1 and the gustducin fragments encoding 31 or 44 amino acid sequences were connected with primers 9 and 13 at the Cterminus to generate GPA1 fragments with 31 or 44 gustducin amino acids. Fourthly, DNA fragments including the GPA1 promoter and the GPA1 terminator were amplified with the following primers: for the GPA1 promoter, primers 1 and 15, and for the GPA1 terminator, primers 16 and 2. Fifthly, the GPA1 fragments with 31 or 44 Cterminal gustducin amino acids and the GPA1 terminator fragment were connected with primers 9 and 2. The resulting fragment was connected with the GPA1 promoter fragment with primers 1 and 2. These DNA fragments including the GPA1 promoter, the GPA1 with 31 or 44 amino acids, and the GPA1 terminator were inserted at the BamHI and XhoI sites on pRS424, resulting in plasmid pGPA1/gust31 and pGPA1/gust44 respectively.
Furthermore, pGPA1/gust36 and pGPA1/gust37 were constructed from pGPA1/gust31 using a KOD Plus Mutagenesis Kit (Toyobo) following the manufacturer's instructions, with the following primers: for pGPA1/gust36, primers 17 and 18, and for pGPA1/gust37, primers 19 and 18.
Finally, pGPA1/gust32, pGPA1/gust33, and pGPA1/gust34 were constructed from pGPA1/gust36 using a QuickChange Site-Directed Mutagenesis Kit following the manufacturer's instructions, with the following primers: for pGPA1/gust32, primers 20 and 21; for pGPA1/ gust33, primers 22 and 23; and for pGPA1/gust34, primers 24 and 25.
Construction of the reporter plasmid. Reporter plasmid pYEX-fet was constructed as follows: The FUS1 promoter fragment was Primer number Sequence amplified from the W303-1A genomic DNA using primers 26 and 27. The resulting fragment was inserted between the HindIII and SalI sites in pYEX-BX (Clontech, Mountain View, CA), yielding plasmid pYEX-f. The HIS3 gene in pFUS1-EGFP-HIS3, containing enhanced green fluorescent protein (EGFP), (generously provided by Ishii et al.
11)
) was deleted by self-ligation after BamHI digestion. Using the resulting plasmid as template, the FUS1-EGFP fragment with the terminator sequence was amplified with primers 28 and 29 and inserted into the SalI and EcoRI sites of pYEX-f. The resulting plasmid was designated pYEX-fet. pYEX-fet contained selectable markers URA3 and leu2-d. The multicopy plasmid containing leu2-d can be stably and greatly amplified. First, the STE2 gene of W303-1A was disrupted using the loxP-URA3-loxP cassette amplified from pUG72, 13) with primers 30 and 31. Then Ura-derivatives of the transformants were obtained from the 5-fluoroorotic acid media. 14) STE2 gene disruption at the targeted locus and removal of the URA3 gene were verified by a diagnostic PCR technique with primers 32 and 33. Disruption of GPA1 was conducted after transformation of one of the plasmids for G production into the WO-1 strain, because absence of the G protein causes constitutive activity due to free G subunits.
15) The WO-3 strain, carrying both the STE2 and the GPA1 gene disruption, was obtained by transformation of the WO-1 strain with the KanMX4 cassette amplified from the genomic DNA of the BY4741 gpa1 strain (Euroscarf, Frankfurt, Germany) with primers 34 and 35. After transformation with reporter plasmid pYEX-fet, the plasmid expressing STE2 (the single-copy plasmid with STE2 ORF under PYK1 promoter 16) ) was transformed to A, Alignment of the G C-terminal domain used in this study. The C-terminal domains of GPA1 (yeast), GNAT3 (gustducin, human), and G16 (human) were aligned with ClustalW (http://clustalw.genome.jp/). Putative secondary structures on the basis of the crystal structure of transducin are indicated by black lines. Asterisks denote residues identical in all alignment sequences. Colons denote conserved substitutions. Dots highlight semiconserved substitutions. B, Amino acid sequences of the C-terminal domain of the chimeric G substitutions. Amino acid sequence of GPA1 (yeast) was used as template for chimeric G. The chimeric regions are underlined. The gustducin-specific sequence is shown at the bottom. C, Schematic illustration of chimeric GPA1/gust proteins of various gustducin C-terminal lengths and their ability to couple with Ste2p. The plus symbol indicates a specific response to the ligand in a dose-dependent manner, and the minus symbol indicates no response. D, Three-dimensional modeling of GPA1 (left, PDB code: 1SCG) based on the 3D structure of transducin (right, PDB code: 1TND). Transducin has been proposed as a substitute for gustducin in view of the close structural similarities and almost identical C-terminal domains between the two.
7) The N-terminal region is not shown for clarity, and the eCT was not determined due to its variability. The C-terminal region is color coded as follows: C-terminal 31 aa, green; 32-37 aa, red; and 38-41 aa, blue. The figures were prepared with PyMOL (W.L. DeLano, 2002, The PyMOL Molecular Graphics System, http://www.pymol.org).
produce the WOT-3 strain.
Assay conditions. At preculture, yeast strains were grown in 10-mL SD-Leu-Trp medium at 30 C overnight. To start the main culture, part of the preculture was inoculated into 10 mL of fresh SD-Leu-Trp medium to give an initial optical density of 0.05 at 600 nm, using VMax (Molecular Devices, Sunnyvale, CA). The main cultures were grown at 30 C on a rotatory shaker set at 250 rpm until the early log phase, at which 200 mL of the main culture was transferred to 96-well plates (353072; BD Falcon) and a dilution of -factor (4076-v; Peptide Institute) was added to each well. Fluorescence was measured with a Fluoroskan Ascent Fluorometer (Labsystems OY, Helsinki, Finland) 2 h after the addition of -factor. A filter pair with excitation at 485 nm and emission at 527 nm was used to detect the fluorescence of the EGFP expressed in the yeast cells.
Western blot analysis. Membrane proteins were collected by a previously described method, 2) and the protein concentration was measured with a Protein Assay Bicinchoninate Kit (Nacalai Tesque, Kyoto, Japan) using BSA as standard. Membrane proteins (30 mg) were separated by electrophoresis on 5-20% SDS polyacrylamide gels (Atto, Tokyo) and electro-transferred onto a nitrocellulose membrane (Bio-Rad, Richmond, CA). The membrane was blocked with 5% w/v skim milk powder in 2% v/v Tween/PBS (PBST) overnight. It was incubated for 1 h at room temperature with mouse anti-Gpa1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 1:200 in PBST. After it was washed in PBST 5 times, the membrane was incubated for 1 h at room temperature with goat anti-rabbit IgG HRP (GE Healthcare, Buckinghamshire, UK) at a concentration of 1:10,000 in PBST. It was washed 5 times in PBST, and antibody binding was detected using ECL-Plus (GE Healthcare).
Results and Discussion
Before construction of the chimeric G proteins, we attempted to construct a yeast strain possessing fulllength human gustducin instead of Gpa1p, the yeast endogenous G protein subunit, but GPA1 on the genomic DNA could not be disrupted in the yeast strain possessing the gustducin-producing plasmid. This suggests that gustducin did not couple with the yeast G subunits, and that the free G subunits triggered constitutive activation of the signaling pathway, 17) resulting in cell cycle arrest. Hence, we examined further the construction of chimeric G proteins.
The alignment of the C-terminal amino acid sequences of the G used in this study is shown in Fig. 1A . The C-terminal 37 and 44 amino acid residues containing the predicted 6 sheet, the 5 helix, and the eCT have been reported to be necessary for coupling with bitter-taste receptors in the mammalian experiment system. 6) Hence, the chimeric G protein containing the C-terminal 44 amino acid residues is routinely used in mammalian experimental systems. [18] [19] [20] However, it is still unknown whether the chimeric G protein possessing the gustducin-specific sequence at its C-terminus is functional in the yeast experimental system.
We constructed a series of chimeric G proteins (Fig. 1B) . First, the four amino acids (IGII) at the eCT were replaced with the gustducin-specific sequence (CGLF). The resulting chimera was named Gpa1/gust4, where the number after the latter gust indicates the number of gustducin residues present in the C-terminus of the construct. In the same way, the four amino acids at the eCT were replaced with those of the mammalian promiscuous G (G16)-specific sequence, resulting in Gpa1/G16-4. As a negative control, the four amino acids at the eCT were deleted, resulting in Gpa1/ deleted. Secondly, the C-terminal region between the 31 and 37 amino acids was replaced with the gustducinspecific sequence at the level of one amino acid, because this region is considered to be indispensable for functional interaction with taste receptors.
6) The resulting chimeras were named Gpa1/gust31, Gpa1/gust32, Gpa1/gust33, Gpa1/gust34, and Gpa1/gust37. Finally, Gpa1/gust44 was constructed by replacing the Cterminal 44 amino acids with the gustducin-specific sequence, because the G16/gust44 chimera has been routinely used in recent mammalian experiments. [18] [19] [20] The functionality of the constructed chimeric G itself was assessed by the fluorescence yeast GPCR assay system. In this system, yeast cells with plasmid pYEX-fet are designed to emit fluorescence by signal activation in a quantitative manner. In this study, endogenous yeast GPCR Ste2p was produced by the plasmid after deletion of STE2 from the genomic DNA. The signal intensity was measured with a fluorescence plate reader 2 h after the addition of -factor, an endogenous peptide ligand for Ste2p. When transformed with Gpa1, Gpa1/gust4, Gpa1/G16-4, Gpa1/gust 31, Gpa1/gust 32, Gpa1/gust 33, Gpa1/gust 34, or Gpa1/ gust 37, the yeast cells responded to -factor, whereas as expected, Gpa1/deleted did not (Fig. 1C) . A representative graph of the signal response (Gpa1/gust37 and Gpa1 yeast strains) is shown in Fig. 2A . The production of these G proteins was confirmed by Western-blot analysis with anti-Gpa1 antibody (Fig. 2B) . On the other hand, the yeast cells transformed with Gpa1/gust44 did not respond to -factor treatment (Fig. 1C) .
This unexpected loss of functionality in Gpa1/gust44 can be explained by the importance of the 4-6 loop ( Fig. 1A, D) to G functionality.
2) Replacement of the Gpa1 region by the gustducin-specific sequence might cause general defects in protein folding. This replacement, on the other hand, does not affect the functionality of the G16/gust44 chimera, possibly due to insertion at this loop in G16 (Fig. 1A, D) . In fact, only G16 possesses this insertion when aligned with the other 15 G genes in the human genome. In addition, the loop contains T433, which is critical to the functionality of Gpa1p.
2) Substitution of this amino acid in Gpa1 might cause a structural conformational change that leads to a loss of functionality. Another possibility is that replacement of the 44 eCT amino acids in Gpa1 results in an intrusion of the chimeric region into the 4 helix (Fig. 1D) , which also would cause a structural conformation change resulting in a loss of functionality.
In conclusion, we constructed various chimeric G proteins to determine their functionality in yeast. A chimeric G protein harboring 37 gustducin-specific amino acid residues at its C-terminus (GPA1/gust37) maintained functionality in yeast, while GPA1/gust44, a variant routinely used in mammalian experimental systems, was not functional.
